The production cross sections for primary and residual fragments with charge number from Z=70 to 120 produced in the collision of 238 U+ 238 U at 7.0 MeV/nucleon are calculated by the improved quantum molecular dynamics (ImQMD) model incorporated with the statistical evaporation model (HIVAP code). The calculation results predict that about sixty unknown neutron-rich isotopes from element Ra (Z=88) to Db (Z=105) can be produced with the production cross sections above the lower bound of 10 −8 mb in this reaction. And almost all of unknown neutron-rich isotopes are emitted at the laboratory angles θ lab ≤ 60 • . Two cases, i.e. the production of the unknown uranium isotopes with A ≥ 244 and that of rutherfordium with A ≥ 269 are investigated for understanding the production mechanism of unknown neutron-rich isotopes. It is found that for the former case the collision time between two uranium nuclei is shorter and the primary fragments producing the residues have smaller excitation energies of ≤ 30 MeV and the outgoing angles of those residues cover a range of 30 • -60 • . For the later case, the longer collision time is needed for a large number of nucleons being transferred and thus it results in the higher excitation energies and smaller outgoing angles of primary fragments, and eventually results in a very small production cross section for the residues of Rf with A ≥ 269 which have a small interval of outgoing angles of θ lab =40 • -50 • .
I. INTRODUCTION
The production of unknown neutron-rich nuclei, especially for unexplored superheavy nuclei and isotopes near r-process, in fusion, fission, fragmentation process and multinucleon transfer reactions has been of experimental and theoretical interest. A lot of more neutronrich isotopes below Ra in fragmentation process were produced in recent years [1] . But for the new nuclei in the 'northeast' area of the nuclear map, it is difficult to be reached in the fission reactions and fragmentation processes widely used nowadays. Due to the 'curvature' of the stability line, it is also difficult for reaching these new more neutron-rich nuclei in fusion reactions with stable projectiles because of the lack of neutron number. The revival interest of multinucleon transfer between actinide nuclei at low-energy collisions, such as two 238 U, has arisen. This type of reaction provides us with an alternative way to produce more neutron-rich actinide and transactinide isotopes through multinucleon transfer.
During later 1970s and early 1980s, the uranium beam available at GSI was used to investigate the gross features of the products of reactions 238 U+ 238 U and 238 U+ 248 Cm associated with the charge distribution and cross sections for heavy actinide isotopes [2] [3] [4] [5] [6] [7] . The experimental data of the actinide and complementary products in the reaction 238 U+ 238 U were reexamined in 2013 [8] . At GANIL, the experiment on the collision of 238 U+ 238 U at energies between 6.09 MeV/nucleon and 7.35 MeV/nucleon was performed, and the dependence of production yield of products on the beam energy and on the angle of detection were measured [9] . However, new neutron-rich nuclei have not been experimentally reported in the reaction of 238 U+ 238 U up to now.
The production of unknown neutron-rich isotopes was predicted in low-energy dissipative collisions of 238 U+ 248 Cm through multinucleon transfer based on multidimensional Langevin equations [10, 11] . The semiclassical model GRAZING with considering the competition between neutron emission and fission showed the production of a few unknown neutron-rich isotopes with Z=92 to 94 in 238 U+ 238 U at entering energy E lab =2059 MeV [12] . Due to a large number of degrees of freedom, such as deformations of two nuclei, neck formation, nucleon transfer, nucleon emission and different types of separation of the transient composite system being involved in the reaction, it is more suitable to apply a microscopic dynamical model to investigate the reaction mechanism and the production of unknown iso- [23, 24] , the mass distribution of products in 238 U+ 238 U at 7.0MeV/nucleon was calculated and generally in consistence with the experiment measurement of GANIL [22] . The calculated isotope distributions of the residual fragments and the most probable mass number of fragments were generally in agreement with experimental data of GSI, and the production mechanism of neutron-rich residual fragments was studied [25] . In this work, we will further investigate the production of the primary and residual fragments with charge number from Z=70 to 120 produced in reaction of 238 U+ 238 U at 7.0 MeV/nucleon.
The structure of this paper is as follows. In Sec. II, the framework of the ImQMD model is briefly introduced. In Sec. III, the production cross sections for primary and residual fragments are calculated, and the production of unknown neutron-rich isotopes in the reactions of 238 U+ 238 U will be discussed. Further, the microscopic mechanism of producing these isotopes is carefully analyzed. Finally, a brief summary is given in Sec. IV.
II. THEORETICAL MODEL
As in the original QMD model [26] [27] [28] , each nucleon is represented by a coherent state of a Gaussian wave packet in the ImQMD model. The time evolution of the coordinate and momentum for each nucleon in the mean field part is determined by Hamiltonian equations.
The Hamiltonian includes kinetic energy, nuclear potential energy and the Coulomb energy.
The nuclear potential energy is an integration of the Skyrme type potential energy density functional, which reads
where ρ = ρ n +ρ p is the nucleon density and δ = (ρ n −ρ p )/(ρ n +ρ p ) is the isospin asymmetry.
ρ n , ρ p are neutron and proton density, respectively.
In the collision part, the phase space occupation constraint for single particle proposed by Papa et al. [29] is applied in each time evolution step. The isospin-dependent in-medium nucleon-nucleon scattering cross sections are applied. The Pauli-blocking effect is treated as the same as in reference [30] , which is obtained according to the the Uehling-Uhlenbeck factor. The model parameters as those used in Ref. [20] are listed in TABLE I. More detailed description of ImQMD model and its applications can be found in Refs. [19, 20, 22, 31, 32] . In this work, the binding energy per nucleon and deformation of 238 U are taken as E gs = 7.37 MeV, β 2 =0.215 and β 4 =0.093 given by Ref. [33] . For low-energy collision of 238 U+ 238 U, the initial condition of reaction, such as the properties of projectile and target nuclei, is of vital importance for the microscopic transport model. We check the binding energy, the root-mean-square radius and the deformation of the initial nuclei, as well as their time evolution carefully. Only those initially selected nuclei with no spurious particle emission and their properties, such as the binding energy, root-mean-square radius and deformation being stable within 1000fm/c are adopted. The orientations of the initial uranium nuclei in all events are sampled randomly with an equal probability. In the ImQMD model, the time evolution of the reaction for each event at different impact parameters can be tracked.
Both the formation time and the reseparation time of the transient composite system of 238 U+ 238 U can be recognized in the simulations [25] . The charge number Z, mass number A and the excitation energy E * of each fragment formed in each event can also be determined.
The cross section for producing the primary fragment with Z, A and E * is then calculated
Here b is the impact parameter, N f rag (Z, A, b, E * ) is the number of events in which a fragment (Z, A, E * ) is formed at a given impact parameter b. The excitation energy E * of the fragment with charge number Z and mass number A is obtained by subtracting the corresponding ground-state energy [33] from the total energy of the excited fragment in its rest frame.
is the total event number at a given impact parameter b. The outgoing angle of each primary fragment can be obtained from its momentum. In this work, the maximum impact parameter is taken to be b max =15 fm, and the impact parameter step is ∆b=0.15 fm. The initial distance between the centers of mass of projectile and target is taken to be 40 fm.
100,000 events for each impact parameter are simulated in this work.
At 1000fm/c after the re-separation of the composite system, the ImQMD simulation is terminated and the primary fragments are recognized at this time as that did in Ref. [25] .
Then the de-excitation process, including the evaporation of γ, n, p and α particle and fission, for each excited primary fragment is performed by using the statistical evaporation model (HIVAP code) [23, 24] . In the HIVAP code, the survival probability of the fragment with charge number Z, mass number A and excitation energy E * are calculated by branching ratios expressed by relative partial decay widths for all possible decay modes,
, and i=γ, n, p, α, and fission.
III. RESULTS AND DISCUSSION
The production cross sections for primary fragments produced in reaction 238 U+ 238 U at 7.0 MeV/nucleon are calculated by using ImQMD model. In Fig.1 most of reaction events have reached the isospin equilibrium at that time. The superheavy primary fragment (114,184) (the isospin asymmetry is 0.235) at the center of the first 'island of stability' denoted by cross symbol in red color is not far from this line.
The production cross sections for residual fragments are obtained through de-excitation of primary fragments by using HIVAP code and shown in Fig.1 by colored rectangles. Here we set the lower bound cross section to be 10 −8 mb for the production of residual fragments in the figure. We find that the production cross sections for most of transactinide nuclei are smaller than 10 −8 mb because it is difficult for those primary fragments to survive against fission due to very low fission barrier. For comparison, the area of known nuclei taken from Ref. [34] are presented by the magenta thick line in the figure. Comparing the predicted produced residual fragments with the known nuclei area, one can find that quite a few unknown neutron-rich isotopes at the 'northeast' area of nuclear map can be produced through multinucleon transfer between two 238 U. Some of those residues are difficult to be produced by fusion reactions. And most of these unknown isotopes are located in the region of actinide elements, and are about three to six neutrons richer than the known most neutron-rich nuclei. For the predicted produced light uranium-like elements with Z < 92, we find that they can reach the border of the proton-rich side of known nuclei in the nuclear map. Because of the high fission barrier, the light uranium-like primary fragments can survive against fission more easily and de-excite through neutron evaporation leading to the production of proton-rich nuclei.
It is very useful to investigate the outgoing angles of primary and residual fragments for experimental measurement and also for understanding the reaction mechanism. Here we present the calculated results of production cross sections for primary fragments at angle Fig.2 . Clearly, the production cross sections for primary In order to further investigate the contribution to the production of residual fragments from different outgoing angles shown in Fig.3 and the production mechanism of unknown neutron-rich nuclei, we take the unknown uranium isotopes with A ≥ 244 as an example. the angular distribution mainly comes from the reactions at impact parameters b=4-8 fm.
In order to track the origin of the two-hump behavior shown in Fig.4 , we further study the dependence of average excitation energies < E * > of primary fragments of uranium with A ≥ 244 and the average lifetime < T lif e > of composite system formed in the corresponding events on the outgoing angles and impact parameters. In Fig.5 , the < E * > and the < T lif e > are taken for the primary fragments in a small interval of outgoing angles ∆θ lab =1
• and from the reactions within an impact parameter interval ∆b=0.15 fm. In Fig.5 (a) and (b), one can find that the primary fragments of uranium with A ≥ 244 are separated into two branches in both panels: the upper one consists of the projectile-like primary fragments and the lower one higher. Eventually, the production cross section for the residues of Rf decreases quickly and the outgoing angle of residues becomes narrower. It is because the outgoing angles of residual fragments from projectile-like primary fragments decrease due to the rotation of the composite system.
IV. Summary
In this work we apply the improved quantum molecular dynamics (ImQMD) model incorporated with the statistical evaporation model (the HIVAP code) to study the reaction 238 U+ 238 U at 7.0 MeV/nucleon. The calculation results of the production cross sections for the primary and residual fragments with charge number from Z=70 to 120 are presented.
About sixty unknown neutron-rich isotopes from element Ra (Z=88) to Db (Z=105) with the production cross sections above the lower bound of 10 −8 mb among the residual fragments produced in the reaction are predicted. The outgoing angles of primary and residual fragments are also investigated. We find that for most of the unknown neutron-rich isotopes around uranium, the outgoing angles are in a wider range of θ lab =30
• -60
• , while for those of heavier transactinide isotopes of Rf the outgoing angles are in a narrower range of 40
• -50
• .
In order to understand the production mechanism of unknown neutron-rich isotopes, we study the impact parameter dependence of the excitation energies of primary fragments of uranium isotopes with A ≥ 244 and that of rutherfordium isotopes with A ≥ 269 and the lifetimes of their corresponding composite systems. We find that for the former case the collision time between two uranium nuclei is shorter and the primary fragments producing 
